As a group, antibody deficiencies represent the most common types of primary immune deficiencies in human subjects. Often symptoms do not appear until the latter part of the first year of life, as passively acquired IgG from the mother decreases to below protective levels. As with the T-cell immune deficiencies, the spectrum of antibody deficiencies is broad, ranging from the most severe type of antibody deficiency with totally absent B cells and serum Igs to patients who have a selective antibody deficiency with normal serum Ig. In addition to the increased susceptibility to infections, a number of other disease processes (eg, autoimmunity and malignancies) can be involved in the clinical presentation. Fortunately, the availability of intravenous immune serum globulin has made the management of these patients more complete. Recently, molecular immunology has led to identification of the gene or genes involved in many of these antibody deficiencies. As discussed in this review, this has led to a better elucidation of the B-cell development and differentiation pathways and a more complete understanding of the pathogenesis of many of these antibody deficiencies. (J Allergy Clin Immunol 2002;109:581-91.)
Unlike patients with T-cell deficiencies, patients with antibody deficiencies usually are free of infection until 7 to 9 months of age, when maternal antibodies that have passed through the placenta during the third trimester of pregnancy have decreased to below protective levels. Individuals with humoral immune or antibody deficiencies usually have infections with encapsulated bacterial organisms, such as Streptococcus pneumoniae and Haemophilus influenzae type b (Hib). Usually, patients with antibody deficiencies have few if any problems with fungal or viral pathogens, except patients with X-linked agammaglobulinemia (XLA), who have an unusual susceptibility to enteroviruses and may have chronic enteroviral encephalomyelitis. 1 Generally, one does not see growth failure in patients with antibody deficiency in contrast to that seen in patients with severe T-cell deficiencies. Most patients with antibody deficiency can lead normal lives with the use of replacement intravenous immune serum globulin (IVIG) therapy, particularly if a diagnosis is made early before severe infections have damaged tissues (eg, pneumonia and bronchiectasis).
B-CELL DEVELOPMENT AND DIFFERENTIATION
Pluripotent hematopoietic stem cells progress through an irreversible cascade of differentiation steps as they commit to a particular cell lineage in a complex process influenced by the microchemical environment and a number of soluble factors. There are 2 phases of B-cell development: an initial phase that is antigen independent, in which a diverse repertoire of antigen-specific B cells develops in the bone marrow, and a second phase that occurs when B cells are stimulated by antigen to undergo clonal expansion in the peripheral lymphoid tissues. During clonal expansion, further diversity in the repertoire and increased antibody specificity develops through somatic mutation. It has been important to delineate the process of B-cell differentiation and maturation so that we can better understand the pathogenesis of some of the newly recognized humoral immune deficiencies (Table I) . With advances in molecular biology, it is now possible to delineate in more detail, on a molecular basis, some of the antibody deficiencies that heretofore were poorly understood.
A number of events precede the release of B cells from the bone marrow. Five different classes of Ig molecules are generated from the genetic loci for the Ig heavy chain located on chromosome 14; the gene loci for the light chains λ and κ are located on chromosomes 22 and 2, respectively. The variable-region genes of the Ig heavychain (V H , D H , and J H ) and light-chain gene (V L and J L ) loci are responsible for the specificity and affinity of the antigen-binding region of the antibody molecule. The constant-region genes associated with the Ig heavy-chain loci on chromosome 14 are located downstream of the variable region genes and dictate the Ig isotype and subclass. A discussion of the mechanism of these DNA recombinatorial events that are responsible for the construction of the Ig molecule and generation of the diversity in the antibody repertoire is beyond the scope of this review. The reader can read more about these processes in recent reviews. 2 However, it is important to discuss the various stages of B-cell differentiation and development because abnormalities in this process can result in certain antibody immunodeficiencies. The scheme for B-cell development and differentiation is shown in Fig 1. The earliest recognized precursor B cell is the pro-B cell that has both heavy-chain and light-chain gene loci in the germ-line configuration. However, pro-B cells have all the specific elements of the V-D-J recombinatorial machinery (eg, terminal deoxyribonucleotidyl transferase) and the recombinases (eg, recombination activity gene 1 and 2 [Rag-1 and Rag-2]). At the next stage of Bcell development, early pre-B cells express the same intracytoplasmic and surface markers as pro-B cells, as well as the surrogate light chains (eg, Vpre-B and λ 5 /14.1) that are structurally homologous to the κ and λ light chains but have invariant sequences. The genes that are responsible for the Ig heavy chain undergo DNA rearrangement of V H → DJ H to form cytoplasmic µ heavy chains. Unlike in the mouse, in which IL-7 is critical for B-cell development, IL-7 appears to be less important in human B-cell development. Patients with severe combined immunodeficiency disease who have mutations in the common γ-chain receptor (γ c ), which is shared between IL-2, IL-4, IL-7, IL-9, and IL-15, and those patients that have a mutation in the IL-7α receptor chain appear to have normal B-cell development. 3 At the next stage of B-cell development, the late pre-B-cell stage, terminal deoxyribonucleotidyl transferase expression is lost, and the majority of cells do not express CD34. In addition to the expression of µ H chains, CD25, the receptor for the growth factor IL-2, is also expressed. In the late pre-B-cell stage, the pre-B-cell receptor is expressed. 4 It is probably at this stage that there is an allelic exclusion of the second Ig heavy-chain allele to prevent further heavy-chain loci rearrangements. The pre-B-cell receptor complex is associated with Igα/Igβ, which functions as the signal transduction unit for the receptor and is required for the transition between pro-B to pre-B cells. The Igα and Igβ proteins that are encoded by the mb-1 and B-29 genes, respectively, are structurally similar to the CD3γ, CD3δ, and CD3ε molecules on T cells. Each has an intracytoplasmic signaling region with an immunoreceptor tyrosine-based activation motif.
Crossed linkage of the B-cell antigen receptor (BCR) activates a distinct family of cytoplasmic protein tyrosine kinases. 5 These kinases phosphorylate enzymes that are required for the generation of second messengers in the cytoplasm. Linker or adaptor molecules play an important role in linking the BCR to cytoplasmic secondary messengers. A B-cell linker protein (BLNK, also known as SLP-65) is phosphorylated by Syk after BCR activation. 6 This leads to the activation of other enzymes, including phospholipase Cγ, Btk, and Vav. BLNK is expressed in peripheral B cells but not in T lymphocytes. The highest expression of BLNK is in early B-cell development, with progressively lower expression during Bcell maturation.
In a late transitional pre-B-cell stage just before becoming an immature B cell, surrogate light-chain expression is lost. The large cycling pre-B cells become small and undergo rearrangement of their light-chain gene loci (κ and λ) after Rag-1 and Rag-2 expression is turned back on. With a productive light-chain rearrangement in these small transitional late pre-B cells, surface (s)IgM + immature B cells appear. Those pre-B cells that have not successfully rearranged their light-chain gene loci undergo an apoptotic cell death. The majority of immature B cells die within 3 to 4 days, whereas only a few cells (ie, 5%-10%) become long-lived mature B cells. This change from an immature B cell to a mature B cell is characterized by the downregulation of sIgM and the upregulation of sIgD expression. Mature B cells also express the L-selectin lymph node homing receptor, complement receptors 1 and 2, CD21, and CD23.
EARLY-ONSET HYPOGAMMAGLOBULINEMIA AND ABSENT B CELLS X-linked aggammaglobulinemia
Approximately 85% of patients with early-onset hypogammaglobulinemia and absent B cells are male and have XLA or Bruton's disease. 7 These patients have been demonstrated to have mutations in the gene that encodes tyrosine kinase (Btk or Bruton's tyrosine kinase) and is expressed mainly in lymphocytes of the B lineage. 8 The genetic defect underlying XLA has been located on the midportion of the X chromosome (Xp22) by using polymorphic chromosome markers. 9 Obligate carriers show selective use of the normal X chromosome in B-lineage cells, whereas other cell types show lyonization of the X chromosome. 10, 11 A number of distinct mutations of the Btk gene have been described in patients with XLA, most of which involve the kinase domain. 12 Defects in the Btk gene affect the early stages of B-cell differentiation. 13 The onset of recurrent bacterial infections is typically during the latter part of the first year of life, when maternal antibodies passively acquired through the placenta are reduced below protective levels. The sinopulmonary Reviews and feature articles tract is a frequent site of infection (60% of patients). 14 Other types of infection include pyoderma (25%), chronic conjunctivitis (8%), gastroenteritis (35%), arthritis (20%), meningitis-encephalitis (16%), and, less commonly, osteomyelitis (3%) and septicemia (10%). H influenzae and S pneumoniae are commonly associated with these infections. Poorly treated pulmonary infections eventually lead to bronchiectasis. Because cellular immunity is intact, most viral infections, fungal infections, and tuberculosis do not seem to be a problem in patients with XLA. Exceptions to this include viral hepatitis, 15 disseminated polio, 16 and chronic enteroviral encephalitis. 17 Pneumocystis carinii infection is rare in patients with XLA but can occur.
Repeated bacterial infections of susceptible target organs, such as the middle ear, sinuses, and lungs, leads to positive physical findings of active inflammation, with eventual scarring or damage to the site. The lymphoid tissues (eg, adenoids, lymph nodes, and spleen) are reduced in size, unlike tissues in patients with common variable immunodeficiency (CVID), who often have lymphoid hyperplasia. Arthritis, 18 a dermatomyositis-like syndrome, 19 and meningoencephalitis 20 can also occur in patients with XLA. Chronic meningoencephalitis may occur in association with dermatomyositis or independently. Both are manifestations of chronic enterovirus infections, including the echoviruses and occasionally the Coxsackie virus. 1, 20 Infections caused by enteroviruses or Ureaplasma urealyticum may cause joint inflammation. 21 Symptoms usually improve or resolve with IVIG therapy. Vaccine-associated poliomyelitis can also occur in patients with XLA. 16 Autoimmune disorders do not seem to be a frequent problem in patients with XLA, unlike in patients with CVID. It is less clear whether patients with XLA have the same predisposition for malignancy as other patients with immune deficiency. 12 Filipovich and Shapiro 22 reported that 4.2% of patients in an immune deficiency cancer registry had XLA. Lymphoreticular and gastrointestinal malignancies were the most common types of cancer.
Early diagnosis, broad-spectrum antibiotics, and replacement therapy with IVIG has changed the outcome of this disease. 14 Infections, especially chronic enteroviral infections and chronic pulmonary disease, are still the 2 major complications in XLA. 14 In a retrospective study of 31 patients with XLA, Quartier et al 23 reported that early IVIG replacement therapy and nadir serum IgG levels of greater than 500 mg/dL were important in preventing severe acute bacterial infections and bronchiectasis. Trough serum IgG levels of greater than 800 mg/dL may be necessary to fully prevent chronic sinusitis, bronchiectasis, and enteroviral infections.
There is a total absence or marked deficiency of serum Igs. Antibodies to even potent protein antigens, such as tetanus toxoid, are absent. Percentages of circulating B cells or surface membrane Ig + lymphocytes are extremely low (<2%) or absent. 24 However, pro-B cell numbers in the bone marrow are normal or even increased in number. 13, 25 T lymphocytes and other lymphoid subpopulations are normal, and delayed skin reactivity to recall antigens is present. The response of PBMCs to mitogens and allogeneic cells is normal. Lymphoid tissues show absence of plasma cells, lymphoid follicles, and germinal centers. Some patients with Btk mutations may not present until later in life, 26, 27 which may reflect different types of Btk mutations. In patients with XLA presenting later in life, the block in B-cell differentiation may be leaky, resulting in some Ig synthesis. A subgroup of patients with CVID may also present with profound hypogammaglobulinemia and markedly reduced numbers of B cells. Molecular analysis for mutations in Btk is necessary to distinguish these patients with CVID from patients with XLA. More details can be found in the review by Conley. 28 Some patients with the clinical phenotype and laboratory findings of XLA do not have mutations in Btk (Table I) . Furthermore, 5% to 10% of patients with early-onset hypogammaglobulinemia and absent B cells are girls. Mutations in several genes in the B-cell differentiation pathway can lead to a profound antibody deficiency. Minegishi et al 29 screened 25 patients with early-onset hypogammaglobulinemia and absent B cells with a normal Btk gene for other genes that encoded components of the pre-B-cell receptor complex. A 2-year-old girl was found to have a homozygous splice defect in the Igα molecule. CD19 + B cells were undetectable in the peripheral circulation; there was an almost complete absence of pre-B cells in the bone marrow but normal numbers of pro-B cells. Minegishi et al 30 reported a mutation in the λ5/14.1 gene encoding the pre-B-cell receptor surrogate light chain that resulted in antibody deficiency and agammaglobulinemia. These female patients who presented with absent B cells and agammaglobulinemia had more severe disease than the boys with Btk mutations. 28, 30 Minegishi et al 31 reported a patient with BLNK deficiency. This patient presented at 8 months of age with recurrent otitis media and subsequently had 2 episodes of pneumonia. At 16 months of age, he was found to have no detectable serum Igs and had less than 1% CD19 + B cells in the peripheral blood. Bone marrow aspiration showed normal numbers of pro-B cells but no pre-B cells or mature B cells. This patient and associated studies in the mouse indicate that BLNK plays a critical role in orchestrating the pro-B-cell to pre-B-cell transition and indicates that other adaptor or linker proteins (eg, SLP-76) associated with this intracytoplasmic signaling pathway may also lead to an immune deficiency. Yel et al 32 studied 2 families in which children presented with early-onset hypogammaglobulinemia and absent B cells. These patients were initially referred for the evaluation of mutations in Btk. In 6 patients from these 2 families, 4 different mutations were identified in the µ heavy-chain gene on chromosome 14. One of the 2 patients in one family had chronic enteroviral encephalitis, as seen in patients with XLA.
These patients with various mutations in the µ heavy chain, the Igα molecule, the adaptor protein BLNK, and the λ5/14.1 surrogate light chain illustrate that the pro-Bcell to pre-B-cell process marks an important transition from intrinsically driven B-cell maturation and differentiation to a B-cell receptor, signal-dependent, developmental process. Before the stages of V H → DJ H rearrangement, there is little, if any, requirement for a B-cell receptor complex or for the molecules that act downstream from the Bcell receptor. However, the appearance of the pre-B-cell receptor complex on the cell surface allows B cells to undergo further development and differentiation.
Immunodeficiency with hyper-IgM
This syndrome mainly affects boys (55%-65%) and is characterized by severe recurrent bacterial infections with decreased serum levels of IgG, IgA, and IgE but elevated IgM levels. 33 The molecular basis for the X-linked form of immunodeficiency with hyper-IgM (HIGM) has now been identified as a T-cell deficiency in which mutations in the gene that encodes the CD40 ligand molecule are present. However, not all patients are male, and recently, the molecular abnormality of the autosomal recessive form of HIGM has been reported. 34, 35 Family consanguinity is frequent. These patients express CD40 ligand normally, and the surface expression of CD40 on B cells is also normal. 36 Molecular studies have shown that the defect in the autosomal variant of HIGM syndrome (HIGM2) is a mutation in the gene that encodes activation-induced cytidine deaminase (AID). 35 Recurrent bacterial infections of the sinopulmonary and gastrointestinal tracts usually begin in childhood but somewhat later than those in patients with mutations in the CD40 ligand gene (eg, HIGM1). Opportunistic infections with P carinii are unusual, unlike in patients with HIGM1, 33, 37, 38 and autoimmune hematologic diseases do not occur as in patients with HIGM1. A characteristic feature of HIGM2 is lymphoid hyperplasia and adenopathy. Unlike patients with XLA, there is marked hypertrophy of the lymphoid tissues, including the tonsils, lymph nodes, and spleen. In contrast to the lymph nodes in HIGM1 that lack germinal centers, 39 the germinal centers in the nodes of patients with HIGM2 are very large, with highly proliferating B cells. Serum levels of IgM are markedly increased and may reach levels in excess of 1000 mg/dL. After antigen exposure, these patients can produce IgM antibody, and IgM isohemagglutinins are present, but the secondary IgG response is usually markedly diminished or absent. Peripheral blood B-cell (CD19 + ) counts are normal, and all B cells express sIgM and sIgD. T-lymphocyte numbers and proliferative responses to mitogens and antigens are normal.
In addition to abnormalities in the process of Ig class switch recombination (eg, switching from IgM to IgG, IgA, or IgE), the V-region genes from the CD19 + CD27 + B cells do not contain the expected somatic mutations typical of memory B cells. The role for AID in the generation of somatic hypermutation and Ig class switching is not understood. Nevertheless, AID is involved in several crucial steps in terminal B-cell differentiation and antibody production. The AID gene product has homology with APOBEC-1, an mRNA editing enzyme, and raises the question of whether mRNA modification is an important mechanism for the final steps in B-cell maturation. 40 Recently, another rare form of X-linked HIGM syndrome associated with hypohydrotic ectodermal dysplasia characterized by the absence or hypoplasia of hair, teeth, and sweat glands has been described. 41 Unlike patients with X-linked HIGM, these patients did not have a history of opportunistic infections. This disorder is related to mutations in the gene that encodes the nuclear factor κB essential modulator that is required for activation of the transcription factor nuclear factor κB. Zonana et al 42 described more of a dysgammaglobulinemia with very poor specific antibody production in their patients than an HIGM phenotype.
Common variable immunodeficiency
Common variable immunodeficiency (CVID), also called acquired hypogammaglobulinemia, adult-onset hypogammaglobulinemia, or dysgammaglobulinemia, is a heterogeneous group of disorders involving both B-cell and T-cell immune function, the predominant manifestation of which is hypogammaglobulinemia. CVID is characterized by recurrent bacterial infections, decreased serum Ig levels, and abnormal antibody responses. The variable in CVID denotes variability in the age at presentation (eg, early childhood, adolescence, or as young adults) and variability in the degree and type of hypogammaglobulinemia. The average age of onset of symptoms is 25 years, and the average age at diagnosis is 28 years. 43 In a subsequent study by Cunningham-Rundles and Bodian, 44 the mortality rate over a 25-year period was 24%, mostly because of lymphoma (18%) and chronic pulmonary disease (11%). Lower levels of serum IgG at the time of diagnosis and poor T-cell function were associated with an earlier age of death. The 20-year survival rate after the diagnosis of CVID is made was 64% for male patients and 67% for female patients compared with 92% to 94% for the general population.
In the respiratory tract recurrent otitis media, chronic sinusitis, and recurrent pneumonia, often with resulting bronchiectasis, are the most frequent presenting infections in adults with CVID. 45 The bacterial pathogens involved are similar to those described in XLA. Other unusual infections in patients with CVID include Mycoplasma hominis and U urealyticum and are often associated with arthritis. 21, 46, 47 In approximately half the patients with CVID, the gastrointestinal tract is affected, presenting with malabsorption or chronic diarrhea. 43, 45 Lactose intolerance, protein-losing enteropathy, or superimposed infection of the small bowel with Campylobacter or Yersinia species or the parasite Giardia lamblia contribute to the gastrointestinal symptoms. 48 Atrophic gastritis with achlorhydria may lead to pernicious anemia. Nodular lymphoid hyperplasia (eg, hypertrophy of the Peyer's patches in the small bowel), diffuse lymphoid infiltration, and loss of villi are characteristic in patients with CVID. 49 Hypertrophy of other lymphoid tissues, including peripheral lymph nodes, the spleen, and occasionally the liver, are frequently seen. 45 Secondary neutropenia or thrombocytopenia may result from the hepatosplenomegaly.
Autoimmune disorders occur frequently in patients with CVID (approximately 22% of patients) and include rheumatoid arthritis; autoimmune hematologic disorders, such as hemolytic anemia, idiopathic thrombocytopenic purpura, and pernicious anemia 11 ; autoimmune neurologic diseases, such as Guillain-Barré syndrome 50 ; chronic active hepatitis often related to hepatitis C virus; and autoimmune endocrinopathies, particularly involving the thyroid. 45 The incidence of malignancy is increased (11%-13%) in CVID during the fifth and sixth decades of life. 43, 51 The majority of these malignancies involve the gastrointestinal tract and the lymphoid tissues. An interesting clinical feature of patients with CVID is noncaseating granulomatous lesions infiltrating organs such as the liver, lymph nodes, lung, and skin. 52 These lesions are often confused with sarcoidosis. Although the causes of these granulomas are not known, they occur more frequently in CVID patients with T-cell perturbations and autoimmune disorders. 52 The serum Ig levels are markedly diminished but are usually higher than those found in patients with XLA. There can be tremendous variability in the degree of hypogammaglobulinemia. Any or all isotypes of Ig can be affected, thus the term dysgammaglobulinemia. 53 Specific antibodies are absent or reduced, and isohemagglutinin titers are usually diminished. The proportions of circulating B cells in the peripheral blood are usually normal, but a subset of patients may lack circulating B cells. 54 T-cell function can be quite variable. Cunningham-Rundles et al 43, 44 reported that half of the patients had absent delayed skin hypersensitivity to recall antigens, low numbers of circulating peripheral blood T cells, and depressed in vitro responses to mitogens and specific antigens.
Several mechanisms have been proposed to explain the immune abnormalities in patients with CVID, including an intrinsic B-cell defect, excessive T-suppresser cell activity, 55 deficient T-cell helper function, 56 cytokine deficiencies, 57, 58 and suboptimal T cell-B cell interactions through deficient expression of the CD40 ligand. 59 These abnormalities reflect the variability of CVID and support the concept that more than one gene is probably responsible for the immune abnormalities in CVID. The number of immune deviations described in patients with CVID underscores the heterogeneous nature of this disease. Family members of patients with CVID have an unusually high incidence of IgA deficiency, autoimmune diseases, autoantibodies, and malignancy. 60 Patients and families with CVID or IgA deficiency have an unusually high frequency of an extended MHC haplotype encompassing the region between HLA-DQB1 and HLA-A. 61, 62 One or more genes within the MHC class III region on chromosome 6 may be involved in the pathogenesis of CVID and IgA deficiency. 63 
IgA deficiency
IgA deficiency is one of the most common antibody deficiencies, with an approximate incidence of 1 in 400 to 3000 individuals in the general population. 64 IgA deficiency is defined as a serum IgA concentration of less than 7 mg/dL with normal serum IgM and IgG levels. Both IgA subclasses, IgA1 and IgA2, are usually markedly reduced or absent, although isolated deficiencies of each subclass have been described. IgA deficiency may be found in association with other immune abnormalities, including ataxia-telangiectasia 65 and IgG subclass deficiencies. 66 IgA deficiency may occur in association with the administration of drugs, such as phenytoin, sulfasalazine, hydroxychloroquine, and D-penicillamine. 67, 68 IgA deficiency has also been described in association with a number of chromosomal abnormalities, especially on chromosome 18 (18q syndrome or ring chromosome 18). 69 The occurrence of IgA deficiency in both male and female patients and its clustering in families suggest an autosomal inheritance. 70 In some families IgA deficiency appears to be inherited as a recessive trait, whereas in others it appears to be dominant with variable penetrance.
Many individuals with selective IgA deficiency are clinically asymptomatic. Those IgA-deficient patients with symptoms have sinopulmonary infections and involvement of the gastrointestinal tract with giardiasis and nodular lymphoid hyperplasia. 71 An increased frequency of autoimmune disorders has also been associated with IgA deficiency, including arthritis, a lupus-like illness, autoimmune endocrinopathies, chronic active hepatitis, ulcerative colitis, Crohn's disease, a sprue-like disease, and autoimmune hematologic disorders. [72] [73] [74] [75] [76] Selective IgA deficiency is strongly associated with atopy. 72, 77 The variability in clinical expression may be related to several factors. Those IgA-deficient patients who have a compensatory increase in secretory monomeric IgM in their upper respiratory tract secretions and gastrointestinal fluids tend to be less symptomatic. 72 IgA-deficient patients with more severe and recurrent sinopulmonary infection tend to have an associated IgG2/IgG4 or IgG4 subclass deficiency. 68, 78 IgA-deficient patients are at risk for the development of anti-IgA antibodies on receipt of blood products. 79 Precaution must be exercised in the administration of IVIG for replacement of IgG subclass deficiency in IgAdeficient patients because IVIG preparations contain small amounts of IgA. 80 However, this risk does not appear to be a problem in those patients with partial IgA deficiency (ie, IgA levels >2 SDs below the normal value for age but greater than 7 mg/dL).
Peripheral blood B cells coexpress IgA, IgM, and IgD, which is similar to the expression seen in the IgA-bearing Reviews and feature articles 60, 62, 63 The pathogenesis of IgA deficiency is still unknown but may share a common cause with CVID because these 2 disorders share many immune aspects. 62, 63 
Transient hypogammaglobulinemia of infancy
Some infants have an abnormal delay in the onset of Ig synthesis, such that the normal physiologic hypogammaglobulinemia that occurs between 2 and 4 months of age is exaggerated and prolonged. 82 This exaggerated physiologic hypogammaglobulinemia may occasionally extend into the second or third year of life. 83 Affected patients usually have recurrent upper respiratory tract infections, including otitis media, sinusitis, and, less commonly, pneumonia. 82 Serum IgG and IgA levels are usually low, but the IgM level is normal or increased. Circulating Ig + surface lymphocytes are normal. Antibody responses to protein antigens are normal, but the antibody response to viral respiratory agents may be reduced. 84 Transient hypogammaglobulinemia of infancy is a self-limited disorder, with recovery between 18 and 36 months of age. 82 Long-term follow-up and reevaluation of Ig and B-cell responses are necessary to rule out primary immune deficiency disorders, such as CVID.
IgG subclass deficiencies
Yount et al 85 in the 1960s and Schur et al 86 in the early 1970s described patients with imbalances of their IgG subclasses and recurrent sinopulmonary infections. Despite the availability of highly specific antisera and more sensitive assays, there is controversy over the clinical significance of the laboratory findings of low levels of serum IgG subclasses. Healthy individuals without recurrent infections can have low serum IgG subclass levels; clinical immunologists have questioned whether IgG subclass deficiency represents a true immunodeficiency disease. 87 IgG subclass deficiency is defined as a serum IgG subclass level that is more than 2 SDs below the normal mean for age. The age at which each of the IgG subclasses reaches adult levels varies. 88, 89 Gm allotype also influences serum concentrations of certain IgG subclasses, particularly IgG2 and IgG3. 90 In adults deficiencies in IgG3 subclass are most common, whereas in children IgG2 is the most prevalent IgG subclass deficiency. 91 IgG subclass deficiency may be seen in conjunction with other primary immune deficiency disorders, such as ataxia-telangiectasia and IgA deficiency. 85, 92 IgG subclass deficiency occurs in approximately 15% to 20% of IgA-deficient patients. 93 An IgG subclass deficiency might occur as an isolated single IgG subclass deficiency or as a deficiency of 2 or more IgG subclasses (eg, IgG2 and IgG4 deficiency). However, there have been reports of a few patients with homozygous deletions of the constant region genes causing absence of specific IgG subclasses. 94, 95 IgG subclass deficiency can be associated with recurrent infections of the upper and lower respiratory tracts. Pathogens are generally limited to bacteria and respiratory viruses. 96 Because IgG2 is important in the response to polysaccharide antigens, IgG2 subclass-deficient patients typically have infections with H influenza or S pneumoniae. Most patients are unable to produce specific antibodies after immunization with purified (unconjugated) polysaccharide antigens (eg, Pneumovax). However, other individuals with IgG2 subclass deficiency can be asymptomatic. 87 In part, this may be due to the shifting of the antibody response to another IgG subclass or Ig isotype, which compensates for the selective IgG subclass deficiency. Also, antibody responses to a conjugate polysaccharide vaccine occur mainly within the IgG1 subclass instead of the IgG2 subclass. 97 
Selective antibody or antigen-specific antibody deficiency
Ambrosino et al 98, 99 described patients with normal serum Ig and IgG subclass concentrations but who have abnormal responses to immunization with (unconjugated) polysaccharides, such as Hib capsular antigen, or to the pneumococcal polysaccharide antigens. Granoff et al 100 described a group of children who had Hib infections despite prior immunization with Hib vaccine. These patients also failed to respond adequately to reimmunization with Hib. A similar group of children with poor antibody responses to Hib vaccine was described by Herrod et al. 101 In patients with recurrent acute sinusitis and selective antibody deficiency to polysaccharide antigens, immunization with conjugate vaccines to Hib or pneumococcal polysaccharide can be very helpful in decreasing the frequency of infection 102, 103 because antibody responses to conjugate polysaccharide vaccine tend to fall within the IgG1 subclass instead of the IgG2 subclass. Immunization with the newer conjugate vaccine may be important because of the emerging antibiotic resistance to S pneumoniae. Selective antibody deficiency appears to be a disorder of young children; we seldom identify such patients in adolescence. Most of these patients are between 3 and 6 years of age. This abnormality may therefore reflect a maturational delay of the humoral immune system. Table II outlines an approach to the evaluation of patients with suspected B-cell deficiency. In patients with lung disease, pulmonary function testing should be performed at least once every 6 months; sputum cultures should also be obtained routinely. High-resolution chest computed tomography may be helpful in identifying early bronchiectasis. As discussed above, diarrhea is a frequent symptom in patients with antibody deficiency. Stool examinations for ova and parasites and bacterial cultures should be obtained with special attention for identification of G lamblia and Campylobacter and Yersinia species. G lamblia responds to metronidazole, as does bacterial overgrowth of the small bowel. One should be aware of the risk of Clostridium difficile overgrowth with toxin-induced diarrhea in patients on chronic antibiotic therapy. Blood chemistries, including hepatitis screens and liver function tests, should be obtained on a regular basis (every 6 months or yearly). Blood counts and differentials should be determined at least every 6 months because some patients, such as those with CVID, may have autoimmune cytopenias. A physical examination for abnormalities of lymphoid tissues in patients with CVID is important for surveillance of lymphomas.
EVALUATION
Serum Ig concentrations should be measured with quantitative techniques (nephelometry). Values in children must be compared with normal values for age. 104 Immunoelectrophoresis is semiquantitative and should not be used to evaluate a patient with suspected antibody deficiency. Immunoelectrophoresis should only be used to examine serum for paraproteins, such as those found in Waldenstrom macroglobulinemia or multiple myeloma. IgG subclass quantification may be helpful, although there is continuing debate over the utility of these measurements. 105 A careful history and physical examination are important to determine the clinical significance of an Ig subclass abnormality. In addition, the measurement of functional or specific antibodies is critically important to determine the clinical relevance of an Ig deficiency.
Isohemagglutinins are naturally occurring IgM antibodies to the ABO blood group substances. By 1 year of age, 70% of infants have positive isohemagglutinin titers, depending, of course, on their blood type. 106 One can assess the production of specific antibodies after immunization with tetanus, diphtheria, pneumococcus, and other vaccines. Responses to protein antigens generally fall in the IgG1 subclass, whereas the immune response to polysaccharide antigens resides within the IgG2 subclass. 107 Conjugate polysaccharide vaccines may not be helpful in the functional evaluation of an IgG2 subclass deficiency or a selective polysaccharide antibody deficiency. Fortunately, the vaccine for unconjugated pneumococcal polysaccharides is still available for evaluating patients with a selective antibody deficiency. Because a common complaint of many of these patients is recurrent upper respiratory tract infections, one can test serum for the presence of antibodies to common respiratory viral agents, such as influenza A and B, mycoplasma, respiratory syncytial virus, adenovirus, and the parainfluenza viruses. 84 These antibodies fall into both the IgG1 and IgG3 subclasses. 107 Flow cytometry is important in evaluating peripheral blood for the numbers of B cells and their expression of surface Ig in patients with profound hypogammaglobulinemia. Patients with less than 2% B cells (CD19 + ) will need further molecular evaluation for Btk mutations, or abnormalities in the pre-B-cell receptor complex and secondary intracytoplasmic signing pathways. Approximately half of the patients with CVID may have reduced T-cell numbers and diminished lymphocyte proliferative responses to mitogens and antigens.
TREATMENT
The approaches used in the treatment of patients with antibody deficiency include several basic principles. Supportive care, including antibiotics and good pulmonary hygiene measures to improve the mobilization of secretions, are very important. IVIG has been a major advance in the treatment of patients with antibody deficiencies. The transmission of hepatitis C by means of IVIG in 1994 led manufacturers and the US Food and Drug Administration to apply more strict controls in the processing of IVIG and to add additional viral inactivation steps to the purification process (eg, solvent-detergent or pasteurization). These newer IVIG products with additional viral inactivation steps are safe and effective therapies for IgG replacement in patients with antibody immune deficiencies. [108] [109] [110] [111] Dosage regimens range from 300 to 600 mg/kg every 3 to 4 weeks. Roifman et al 112 showed that doses of 600 mg/kg every 4 weeks achieved serum IgG trough levels of greater than 500 mg/dL. Even higher doses may be necessary for patients with severe chronic sinopulmonary infections and to prevent bronchiectasis. 23 Serum IgG trough levels need not be measured with each infusion. After a dose change, equilibration of the serum IgG level may take 3 months. The clinical status of Reviews and feature articles 114 reported the long-term treatment of patients with CVID with low-dose recombinant IL-2 coupled to polyethylene glycol and administered subcutaneously on a weekly basis. T-cell proliferative responses to mitogens and specific antigens increased, and 4 of 8 subjects showed increased antibody responses to a neoantigen, bacteriophage φχ 174. These investigators suggested that IL-2 might be useful as adjunct therapy in some patients with CVID, but further studies are needed to determine whether this type of treatment results in fewer autoimmune disease and malignancies.
Unlike T-cell immune deficiencies, bone marrow transplantation and gene therapy have not become important therapeutic modalities in antibody deficiencies thus far. Newer improved strategies of stem cell transplantation and minitransplants that minimize the use of bone marrow-ablative regimens are being explored for use in certain antibody deficiencies. With the identification of the gene responsible for the immune defect in some patients with antibody disorders (eg, Btk for XLA and AID for HIGM2), gene therapy as an option has become an intriguing concept. However, many barriers to gene therapy remain to be solved (see review by Candotti 115 ). Nevertheless, IVIG has made a major difference in the lives of our patients with antibody deficiencies.
SUMMARY
It has been almost 50 years since Colonel Ogden Bruton described an 8-year-old boy with recurrent bacterial infections who had absence of the "gamma" proteins on serum electrophoresis. Major advances in basic immunology with the availability of monoclonal antibodies and the instrumentation to count and phenotype peripheral blood lymphocytes has made it easier for the clinical immunologist to evaluate for and make diagnoses of immune deficiency. Early diagnosis is critical in preventing tissue damage from infection and inflammation. In the early 1980s, intravenous preparations of gamma globulin became available to allow more adequate replacement therapy in patients with antibody immune deficiencies. However, there are still many challenges in clinical immunology for the young investigator to address. Although molecular biology has made major advances in our understanding of the pathogenesis of many immune deficiencies, the molecular abnormalities and pathogenesis for many of the antibody deficiencies still remain unknown.
